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(54) Solid-state imaging device into which optical low pass filter is integrated 



(57) There is provided a solid-state imaging device 
into which an optical low pass filter serving as the trans- 
parent window thereof is integrated. This integrated 
structure simplifies the configuration of the imaging sys- 
tem, reducing its size and manufacturing cost. The op- 
tical low pass filter is configured of an optical phase grat- 
ing low pass filter to obtain satisfactory frequency char- 



acteristics. The optical low pass fitter is constructed in 
such a manner that a grating with a predetermined thick- 
ness, generating the phase shift of <J>, a grating whose 
thickness is twice the <{>-phase shift grating, generating 
the phase shift of 2<j>, and a grating portion generating 
the phase shift of 0 form a basic pattern, the basic pat- 
tern being periodically arranged. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates to an imaging 
system utilizing a solid-state imaging device and, more 
particularly, to a method of constructing the transparent 
window of the solid-state imaging device using an opti- 
cal low pass filter. The invention integrates the optical 
low pass filter into the solid-state imaging device to sim- 
plify the configuration of the imaging system, reducing 
its size and manufacturing cost. The present invention 
provides a solid-state imaging device having excellent 
frequency characteristic and a method for constructing 
the same by using a phase grating as the optical low 
pass filter. 

2. Description of the Related Art 

[0002] In a charge coupled device (CCD) image sen- 
sor currently widely used as an image sensor or a 
CMOS image sensorthat has been using since 90s, the 
image sensors configured of light receiving elements 
are two-dimensionally arranged to convert input images 
into electrical signals. 

[0003] FIG. 1 shows the configuration of a conven- 
tional camcorder or digital camera system. A motion pic- 
ture or still picture 1 to be imaged is focused by an optical 
lens arrangement 3 and then passes through an optical 
low pass filter 2 to enter a light receiving element con- 
structed on the surface of an image sensor 4. The optical 
lens arrangement 3 consists of appropriate optical lens- 
es such as concave lens and convex lens in order to 
focus the input image 1 on the imaging device 4. The 
optical tens arrangement 3 or optical low pass filter of 
FIG. 1 usually includes an UV filter or IR filter for respec- 
tively blocking ultraviolet rays or infrared rays contained 
in the input image 1. The UV or IR filter is generally con- 
structed in a manner that an appropriate material is coat- 
ed on a lens or a transparent substrate. To restore the 
image inputted to the solid-state imaging device to the 
original state in the imaging system of FIG. 1 , it is re- 
quired that the optical low pass filter 2 has a cutoff fre- 
quency that is one-half the sampling spatial frequency. 
[0004] FIG. 2 shows an ideal sampling in case where 
the repetitive period of the light receiving element is X 
in direction x and Y in the direction y in the two-dimen- 
sional image sensor. If an image having the spatial fre- 
quency spectrum of FIG. 3A is imaged using the two- 
dimensional sensor having the spatial sampling charac- 
teristic of FIG. 2, the sampled image has the spatial fre- 
quency spectrum of FIG. 3B in which the original im- 
age's spatial frequency spectrum is repeated. In FIG. 
3B ( the frequency spectrum of the sampled image has 
a repetitive period corresponding to the reciprocal of the 
sampling interval, that is, 1/X in the x-direction and 1/Y 



in the y-direction. Accordingly, to restore the image in- 
putted to the two-dimensional image sensor to the orig- 
inal state, it is required that an optical low pass filter 
which passes the spectrum corresponding to one period 
5 starting from the starting point but cuts off a spatial fre- 
quency higher than this. 

[0005] As described above, to restore the image in- 
putted to the solid-state imaging device to the original 
state, it is the most ideal that the optical low pass filter 

10 2 of FIG. I has the cutoff frequency that is one-half the 
sampling spatial frequency. Here, the sampling spatial 
frequency corresponds to the reciprocal of the repetitive 
period of the light receiving element of the solid-state 
imager. That is, in the two-dimensional light receiving 

*5 element arrangement of FIG. 2, / s = ^ and f c = U = 
where d is X in the x-direction and Y in the y-direction. 
Here, f s represents the sampling frequency and f c rep- 
resents the cutoff frequency of an ideal optical low pass 
filter. 

20 [0006] FIG, 4 shows the spatial frequency transfer 
characteristic of the optical lens arrangement. The fre- 
quency band defined by a dotted line in FIG. 4 is the 
frequency transfer function of an ideal optical low pass 
filter. The maximum transfer frequency of the lens, f m , 

25 js 2(NA/X). Here, NA represents the numerical aperture 
of the lens and X represents the wavelength of incident 
light. Though the lens functions as a kind of optical low 
pass filter, its maximum cutoff frequency, f m , is usually 
considerably higher than the ideal cutoff frequency, f c , 

30 of the low pass filter as shown in FIG, 4. The frequency 
transfer characteristic of the lens can approximate to the 
straight line of FIG. 4 to be mathematically modeled, and 
the difference between the approximate value indicated 
by the straight line and the actual transfer characteristic 

35 becomes smaller as f m becomes larger than f c . 

[0007] FIG. 5A is a perspective view showing the ap- 
pearance of a conventional solid-state imaging device, 
and FIG. 5B is a cross-sectional view showing the con- 
ventional solid-state imaging device, taken along the 

40 line A-A of FIG. 5A. In this conventional solid-state im- 
aging device, the covers 51 and 52 of the solid-state 
imaging device chips 53 and 54 are configured of a 
transparent glass plate because input light should be 
transmitted through the covers 51 and 52, that is, trans- 

45 parent window, to a light receiving device placed on the 
surface of the solid-state imaging device chip. 
[0008] FIGS. 6A, 6B and 6C illustrate conventional 
optical low pass filters utilizing a double refraction plate, 
which are currently widely used as an optical low pass 

so filter in the conventional imaging system. Referring to 
FIG. 6A, an input beam incident on one surface of the 
double refraction plate is split into two beams, having a 
distance, d n , therebetween, while it passes through the 
double refraction plate. The relation among the thick- 

55 ness and refraction index of the double refraction plate 
and the distance, d n , satisfies the following equation: 
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t(n 2 e - n 2 0 ) 
n ~ *n e n 0 

where t is the thickness of the double refraction plate, 
n e is the extra-ordinary refraction index and n 0 is the or- 
dinary refraction index. As shown in FIG. 6B, the con- 
ventional optical low pass filter utilizing the double re- 
fraction plate is constructed in such a manner that an x- 
di recti onal double refraction plate and a y-directional 
double refraction plate lie in piles to enable beam split- 
ting in the x-direction and the y-direction. An IR removal 
filter is generally inserted between the two double re- 
fraction plates. 

[0009] In the operation of the conventional optical low 
pass filter utilizing the double refraction plate, the input 
beam, vertically incident on the surface of the filter, is 
split into two beams at the x-directional double refraction 
plate, and each of these two beams is further split into 
two beams at the y-di recti on double refraction plate. 
Thus, one input beam is split into four beams, arriving 
at the light receiving element of the solid-state imager. 
That is, the optical low pass filter using the double re- 
fraction plate functions as a 4-beam splitter as shown in 
FIG. 6C. By splitting one input beam into four beams, 
an image having a higher spatial frequency is converted 
into a lower spatial frequency before sampling of the sol- 
id state imager. 

[0010] The general optical transfer characteristic 
function of 2-plate type double refraction plate is equals 
to the magnitude of the absolute value of the cosine 
function with the period of J- when it is Fourier-trans- 
formed. That is, the transfer function has a value pro- 
portional to a£?s(cos(27t x fx d n )) where f is spatial fre- 
quency and d n is the distance between the beams split 
by the double refraction plate, shown in FIG. 6A. The 
optical transfer function of an image which passes 
through the optical lens to reach the double refraction 
plate filter is obtained by multiplying the transfer function 
of the lens shown in FIG. 4 by the transfer function of 
the double refraction plate. 

[0011] In case where the double refraction plate is ap- 
plied to the conventional imaging system utilizing the 
solid-state imager, larger loss generates in the transfer 
function in a spatial frequency band lower than the cutoff 
frequency than in the ideal optical low pass filter. This 
loss deteriorates the resolution of the image sensor. Fur- 
thermore, there exists a periodic transfer function in a 
spatial frequency band higher than the cutoff frequency 
so that a higher frequency component cannot be re- 
moved. This generates aliasing to thereby bring about 
afterglow. In other words, the optical low pass filter uti- 
lizing the double refraction plate has larger loss in a low- 
er band and larger surplus portion in a higher band, re- 
sulting in deterioration of resolution and poor effect on 
the removal of afterglow. Furthermore, the frequency 
characteristic of the conventional double refraction plate 
filter is determined by the double refraction plate's thick- 



ness that is generally 0.5mm. Thus, the size of the input 
part of the imaging system employing this becomes larg- 
er so that it is difficult to reduce the size of the system. 
[001 2] There have been proposed optical phase grat- 

5 ing low pass filters having various structures for the pur- 
pose of improving the conventional optical low pass filter 
using the double refraction plate. U.S. Pat. No. 
4,083,627 proposes the vertical grating filter, U.S. Pat. 
No. 4,083,627, and FIG. 7C propose the circular grating 

10 filter, U.S. Pat. No.4, 009,939 discloses the lozenge- 
shaped grating filter. Further, U.S. Pat. No. 4,795,236 
and No. 4, 1 78,61 1 propose the parallel repetitive grating 
filter, and U.S. Pat. No. 4,795,236 suggests the optical 
phase grating low pass filter constructed in a manner 

is that gratings having a refraction index different from that 
of a grating substrate whose both surfaces are used are 
repeatedly arranged in parallel. 
[0013] However, most of the aforementioned optical 
phase grating low pass filters are not being actually uti- 

20 lized since they could not be manufactured. This is be- 
cause the optical phase grating low pass filters of FIGS. 
7A to 7E have the structures that two gratings having 
. different phase shifts from each other are two-dimen- 
sionally arranged. Thus, according to computer simula- 

25 tion and Fourier transform carried out by this inventor, 
their performances are not remarkably improved com- 
pared to the conventional low pass filter using the dou- 
ble refraction plate. That is, the conventional optical 
phase grating low pass filter has the disadvantage that 

30 the transfer characteristic of the spatial frequency spec- 
trum is not much improved compared to the convention- 
al filter utilizing the double refraction plate because the 
optical phase grating low pass filter has the two gratings 
having different phases. Accordingly, it is difficult to re- 

35 duce the size of the imaging system utilizing the con- 
ventional optical low pass filter using the double refrac- 
tion plate and the solid-state imaging device. Also, its 
frequency transfer characteristic is not satisfactory. 
Moreover, the conventional optical "phase grating low 

40 pass filter proposed for the purpose of improving the 
conventional optical low pass filter using the double re- 
fraction plate cannot be practically utilized because its 
frequency characteristic is poor. 

45 SUMMARY OF THE INVENTION 

[0014] It is, therefore, an object of the present inven- 
tion to provide a solid-state imaging device having an 
optical low pass filter integrated thereinto and a method 

50 for manufacturing the same, the optical low pass filter 
increasing the optical transfer function at a frequency 
band lower than ttie ideal cutoff frequency correspond- 
ing to one-half the sampling spatial frequency of the sol- 
id-state imaging device and suppressing the transfer 

55 function at a band higher than the cutoff frequency. 
[0015] It is another object of the present invention to 
provide a solid-state imaging device whose transparent 
window is configured of an optical phase grating low 
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pass filter having excellent frequency transfer function 
and having a very thin thickness of 0.5mm or less, there- 
by being realized in a small size and having satisfactory 
frequency characteristic. 

[0016] To accomplish the objects of the present inven- 
tion, there is provided a solid-state imaging device sens- 
ing input images, having an optical low pass filter inte- 
grated thereinto, the optical low pass filter suppressing 
a spatial frequency component higher than a specific 
frequency and passing a component lower than the spe- 
cific frequency, the optical low pass filter being used as 
the transparent window of the solid-state imaging de- 
vice. The optical low pass filter is an optical phase grat- 
ing low pass filter. 

[0017] To accomplish the objects of the present inven- 
tion, there is provided a solid-state imaging device sens- 
ing input images, having an optical low pass filter inte- 
grated thereinto, the optical low pass filter suppressing 
a spatial frequency component higher than a specific 
frequency and passing a component lowerthan the spe- 
cific frequency, the optical low pass filter being used as 
the transparent window of the solid-state imaging de- 
vice, wherein the optical low pass filter comprises a plu- 
rality of basic arrangement patterns periodically ar- 
ranged, wherein each of the basic arrangement pattern 
consists of: a <(>-phase shift grating for generating the 
phase shift of having a predetermined thickness; a 
2(|>-phase shift grating for generating the phase shift of 
2$, having a thickness twice of the 4>-phase shift grating; 
and a portion for generating the phase shift of 0, having 
no grating. A filter for blocking IR rays or UV rays is 
formed on one surface of the optical low pass filter. 
[0018] To accomplish the objects of the present inven- 
tion, there is provided a solid-state imaging device sens- 
ing input images, having an optical low pass filter inte- 
grated thereinto, the optical low pass filter suppressing 
a spatial frequency component higher than a specific 
frequency and passing a component lowerthan the spe- 
cific frequency, the optical low pass filter being used as 
the transparent window of the solid-state imaging de- 
vice, wherein the optical low pass filter comprises: a first 
grating for generating the phase shift of <t>, having a pre- 
determined thickness and periodically arranged on one 
transparent grating substrate in the horizontal direction; 
and a second grating for generating the phase shift of 
having a predetermined thickness and periodically ar- 
ranged on the other transparent grating substrate in the 
vertical direction, wherein the surfaces of the first and 
second gratings are attached to each other facing each 
other, to thereby construct a structure in which a <|>- 
phase shift grating for generating the (|)-phase shift, a 
2<(>-phase shift grating for generating the 2<{)-phase shift, 
and a 0-phase shift grating are periodically arranged be- 
tween the two transparent grating substrates. A filter for 
blocking IR or UV rays is formed on one of the top face 
and the bottom face of the attached grating substrate 
structure of the optical low pass filter, or a filter for block- 
ing IR or UV rays is formed on each of the top face and 



the bottom face of the attached grating substrate struc- 
ture of the optical low pass filter. 
[001 9] To accomplish the objects of the present inven- 
tion, there is also provided a solid-state imaging device 

5 sensing input images, having an optical low pass filter 
integrated thereinto, the optical low pass filter suppress- 
ing a spatial frequency component higherthan a specific 
frequency and passing a component lower than the spe- 
cific frequency, the optical low pass filter being used as 

10 the transparent window of the solid-state imaging de- 
vice, wherein the optical low pass filter comprises: a first 
grating for generating the phase shift of <J>, having a pre- 
determined thickness and periodically arranged on one 
transparent grating substrate in the horizontal direction; 

15 and a second grating for generating the phase shift of 
(J), having a predetermined thickness and periodically ar- 
ranged on the other transparent grating substrate in the 
vertical direction, wherein the surfaces of the two grating 
substrates on which the gratings are not formed are at- 

20 tached to each other facing each other, to thereby con- 
struct a structure in which a $-phase shift grating for gen- 
erating the (|>-phase shift, a 2<{>-phase shift grating for 
generating, the 2(|>-phase shift and a 0-phase shift grat- 
ing are periodically arranged. A filter for blocking IR or 

25 UV rays is inserted between the two grating substrates. 
[0020] To accomplish the objects of the present inven- 
tion, there is provided a solid-state imaging device sens- 
ing input images, having an optical low pass filter inte- 
grated thereinto, the optical low pass filter suppressing 

30 a spatial frequency component higher than a specific 
frequency and passing a component lowerthan the spe- 
cific frequency, the optical low pass filter being used as 
the transparent window of the solid-state imaging de- 
vice, wherein the optical low pass filter comprises: a first 

35 grating for generating the phase shift of <J), having a pre- 
determined thickness and periodically arranged on one 
surface of a transparent grating substrate in the horizon- 
tal direction; and a second grating for generating the 
phase shift of (J>, having a predetermined thickness and 

40 periodically arranged on the other surface of the trans- 
parent grating substrate in the vertical direction, wherein 
the first and second gratings and the grating substrate 
are formed of materials having the same refraction in- 
dex, to thereby construct a structure in which a (()-phase 

45 shift grating for generating the <f>-phase shift, a 2(J»-phase 
shift grating for generating the 2(|)-phase shift, and a 
0-phase shift grating are periodically arranged. 
[0021] To accomplish the objects of the present inven- 
tion, there is also provided a solid-state imaging device 

50 sensing input images, having an optical phase grating 
low pass filter integrated thereinto, the optical phase 
grating low pass filter suppressing a spatial frequency 
component higher than a specific frequency and pass- 
ing a component lower than the specific frequency, the 

55 optical phase grating low pass filter being used as the 
transparent window of the solid-state imaging device. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0022] 

FIG. 1 shows the configuration of aconventional im- 
aging system; 

FIG. 2 is a diagram for explaining an ideal sampling 
in a conventional CCD or CMOS solid-state imaging 
device; 

FIG. 3A is a characteristic diagram of frequency 
transfer function according to the ideal sampling of 
the two-dimensional solid-state imaging device of 
FIG. 2, showing original function characteristic be- 
fore the sampling; 

FIG. 3B is a characteristic diagram of frequency 
transfer function according to the ideal sampling of 
the two-dimensional solid state imager of FIG. 2, 
showing transfer function characteristic after the 
sampling; 

FIG. 4 is a function characteristic diagram showing 
the spatial frequency transfer characteristic of an 
optical lens and characteristic of an ideal optical low 
pass filter in a conventional imaging system; 
FIG. 5A is a perspective view showing the appear- 
ance of a conventional solid-state imaging device; 
FIG. 5B is a cross-sectional view of the convention- 
al solid-state imaging device, taken along the line 
A-A of FIG. 5A; 

FIG.6A shows the configuration of a conventional 
optical low pass filter utilizing a double refraction 
plate, for explaining the diffraction characteristic of 
the double refraction plate; 
FIG. 6B shows the configuration of a conventional 
optical low pass filter utilizing a 3-plate type double 
refraction plate; 

FIG. 6C shows the configuration of the conventional 
optical low pass filter utilizing the double refraction 
plate, illustrating the operation characteristic of the 
conventional double refraction plate filter; 
FIG. 7A is a perspective view showing the appear- 
ance of a solid-state imaging device according to 
the present invention; 

FIG. 7B is a cross-sectional view of the solid-state 
imaging device according to the present invention, 
taken along the line A-A of FIG. 7A; 
FIG. 8 shows an embodiment of the configuration 
of an imaging system utilizing the solid-state imag- 
ing device of the present invention; 
FIGS. 9A and 9B show the one-dimensional basic 
conception of an optical phase low pass filter ac- 
cording to the present invention; 
FIG. 1 0 is a diagram for explaining the operation of 
a two-dimensional optical phase grating low pass 
filter according to the present invention; 
FIG. 11 A is a schematic perspective diagram of an 
embodiment of the phase grating structure of the 
optical phase grating low pass filter of the present 
invention; 



FIG. 1 1 B is a schematic perspective diagram anoth- 
er embodiment of the optical phase grating low pass 
filter of the present invention when it is combined 
with an infrared or ultraviolet filter; 

5 FIG. 1 2A is a schematic perspective diagram of an- 
other embodiment of the grating structure of the op- 
tical phase grating low pass filter of the present in- 
vention before attachment; 
FIG. 12B is a schematic perspective diagram of an- 

10 other embodiment of the grating structure of the op- 
tical phase grating low pass filter of the present in- 
vention after attachment; 

FIG. 13A is a schematic perspective diagram of an- 
other embodiment of the grating structure of the op- 
's tical phase grating low pass filter of the present in- 
vention, the phase grating structure being com- 
bined with an infrared or ultraviolet filter placed on 
the top or bottom thereof; 

FIG. 13B is a schematic perspective diagram of an- 
20 other embodiment of the grating structure of the op- 
tical phase grating low pass filter of the present in- 
vention, the phase grating structure being com- 
bined with infrared or ultraviolet filters placed on the 
top and bottom thereof; 
25 FIG . 1 4A is a schematic perspective diagram of an- 
other embodirnent of the grating structure of the op- 
tical phase grating low pass filter of the present in- 
vention before attachment; 
FIG. 14B is a schematic perspective diagram of an- 
30 other embodiment of the grating structure of the op- 
tical phase grating low pass filter of the present in- 
vention after attachment; 

FIG. 15 is a schematic perspective diagram of an- 
other embodiment of the grating structure of the op- 
35 tical phase grating low pass filter of the present in- 
vention; and 

FIG. 16 is a schematic perspective diagram of an- 
other embodiment of the grating structure of the op- 
tical phase~grating low pass filter of the present in- 
40 vention. 

DETAILED DESCRIPTION OF THE 
PREFERREEMBODIMENT 

45 [0023] FIG. 7A is a perspective view showing the ap- 
pearance of a solid-state imaging device according to 
the present invention, and FIG. 7B is a cross-sectional 
view of the solid-state imaging device according to the 
present invention, taken along the line A-A of FIG. 7A. 

50 in the solid-state imaging device of the present inven- 
tion, a transparent window 71 and 72 through which in- 
put light is transmitted is configured of an optical low 
pass filter. When an image is transmitted through the 
optical low pass filter to a light receiving device placed 

55 on the surface of the solid-state imaging device chip 72 
and 73, its high spatial frequency component is re- 
moved. In case where the optical low pass filter of the 
present invention is applied to an imaging system, the 
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imaging system can be constructed without using an ad- 
ditional optical low pass filter. 

[0024] FIG. 8 shows the configuration of an imaging 
system utilizing the solid-state imaging device of the 
present invention. Utilizing the solid-state imaging de- 
vice of the present invention, the imaging system having 
the characteristic of cutting off a higher spatial frequency 
component can be constructed without employing the 
optical low pass filter 2 required forthe conventional sys- 
tem using the solid-state imaging device of FIG. 1 . 
[0025] In the conventional double refraction plate fil- 
ter, its frequency transfer characteristic is determined by 
the thickness of the double refraction plate, that is gen- 
erally 0.5mm. This is too thick to be applied to the trans- 
parent window of the solid-state imaging device of the 
present invention. Accordingly, it is not preferable that 
the optical low pass filter 71 and 72 of the solid-state 
imaging device of FIGS. 7A and 7B is configured of us- 
ing the conventional optical low pass filter employing the 
double refraction plate filter. 

[0026] The optical phase grating low pass filters pro- 
posed in U.S. Pat. No. 4,083,627, U.S. Pat. No. 
4,795,236, U.S. Pat. No. 4,009,939, and U.S. Pat. No. 
4,178,611 to remedy the shortcoming of the convention- 
al optical low pass filter using the double refraction plate 
could not be practically utilized because they do not 
have satisfactory frequency characteristics as de- 
scribed above. Accordingly, to construct the solid-state 
imaging device into which the optical low pass filter is 
integrated, it is the most preferable to employ the optical 
phase grating low pass filter, which is the preceding 
technique (Korean Pat. App. No. 99-46950) applied by 
the present inventor, as the transparent window of the 
solid-state imaging device. In this case, the basic spirit 
and scope of the present invention is not limited be- 
cause the transparent window of the solid-state imaging 
device is simply replaced with the optical low pass filter. 

An embodiment of the present invention 

[0027] FIGS. 9A and 9B show the one-dimensional 
basic conception of the optical low pass filter using the 
phase grating proposed in the preceding applied tech- 
nique (Korea Pat. Appl. No. 99-46950), which is the 
most suitable to be used in the solid-state imaging de- 
vice of the present invention. The surface of the phase 
grating has a grating with a prominence and depression 
having a predetermined repetitive period. The phase dif- 
ference between the vertical prominence portion and 
depression portion of the phase grating for the light 
transmitted through the grating corresponds to a specif- 
ic phase shift, 0, determined by the thickness of the grat- 
ing. 

[0028] In the optical transfer characteristic of the one- 
dimensional grating of the present invention, when par- 
allel light, vertically incident on the surface of the grating, 
arrives at the surface of the image sensor, as shown in 
FIG. 9A, the light has the principal maxima of 0, +1 and 



-1 and has lower optical transfer characteristic at a re- 
gion other than the principal maxima. Here, when the 
light intensity of the 0-principal maximum is a, the beams 
of +1 and -1 are located at points distant from + 1 and - 
5 | from the starting point, respectively, and their intensi- 
ties become to The spatial transfer characteristic of 
the grating of FIG. 9A is expressed by the following 
equation: 

i(x) = a5(x) + 0.5(1 - a)[5(x - 1) + 5(x + |)] 

where 8(x) represents impulse function. When the spa- 
tial transfer characteristic, l(x), is Fourier-transformed, 
15 the frequency transfer function (L G ) of the one-dimen- 
sional phase grating filter of the present invention can 
be obtained. L G is given by the following equation. 

20 L G (/)=a+(1-a)cos(7tp/). 

[0029] FIG. 9B shows the frequency transfer charac- 
teristic. In FIG. 9B, small values between the principal 
maxima can be ignored compared to the values of the 

25 principal maxima. There will be obtained below the val- 
ue oc for minimizing the difference between the ideal 
characteristic of the optical low pass filter and the actual 
frequency characteristic of the low pass filter. When let 
the difference between the ideal characteristic and ac- 

30 tual characteristic be A, 



A = J-(L,^-L Ie „,xL 0 ) 2 rf/ 

35 J0 

where f is the spatial frequency, f m is the maximum spa- 
tial transfer frequency of the lens, L idea | is the ideal trans- 
fer characteristic of the optical low pass filter, L, ens is the 

40 transfer characteristic of the lens, and L G is the frequen- 
cy transfer characteristic of the phase grating of the 
present invention. As shown by the dotted line in FIG. 
4, L jdea | becomes 1 when the spatial frequency is lower 
than the ideal cutoff frequency f c of the optical low pass 

45 filter and 0 when larger than f c . That is, L idea , = 1 , f < f c 
and L jdea | = 0, f £ f c . L, ens can be represented by the 
equation, L )ens = 1 - f/f m , if it is assumed that the transfer 
characteristic is linear when its f m is very larger than f c . 
[0030] It can be known that A has a value proportional 

so to f m [a 2 + 0.5(1 -a) 2 ] when A is obtained by applying the 
formulae of L idea |, L tens and L G to the above-described 
integral equation, Here, the value a for minimizing A be- 
comes 1/3. Consequently, in order to minimize the dif- 
ference between the ideal filter characteristic and the 

55 actual characteristic of the optical phase grating low 
pass filter of the invention, the input beam must be 
equally split into the three principal mixima of 0, 4-1 and 
-1. 
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[0031] When the phase grating which equally splits in- 
put beam into three, designed by the preceding applied 
technique, is two-dimensionally arranged as shown in 
FIG. 10, the input beam is equally split into nine principal 
maxima. The two-dimensional grating of the present in- 
vention operates as the optical low pass filter because 
the input parallel beam is split into nine beams so that 
an image having the higher spatial frequency of the input 
beam into a lower frequency band. The basic arrange- 
ment is constructed in such a manner that a phase shift 
grating is arranged at the right and bottom of a 0-phase 
shift grating, adjacent thereto, and a 2-phase shift grat- 
ing is located at the diagonal side of the 0-phase shift 
grating. This basic arrangement pattern is repeated to 
realize the optical low pass filter. 
[0032] The phase shift difference in the optical phase- 
shift low pass filter of the present invention is realized 
by arranging a grating having a specific thickness. FIGS. 
11 A and 11 B illustrate a structure of the phase grating 
for realizing the present invention. If a grating with a spe- 
cific thickness generates the phase shift of <|», a grating 
with a thickness twice the specific thickness generates 
the phase shift of 2<|> and a portion where there is no 
grating generates the phase shift of 0. The basic ar- 
rangement of the grating is constructed in such a man- 
ner that the <t>-phase shift grating (111, 1111) is placed 
at the right and bottom of the 0-phase shift grating, ad- 
jacent thereto, and the 2<t>-phase shift grating (112) with 
a thickness twice the <J>-phase shift grating is located at 
the diagonal side of the 0-phase shift grating. This basic 
arrangement pattern is repeated to realize the optical 
low pass filter. 

[0033] The solid-state imaging device into which the 
optical low pass filter is integrated, shown in FIG. 7, can 
be realized by replacing the transparent window 71 and 
72 with the optical low pass filter of FIG. 1 1 A. FIG. 1 1 B 
shows that a filter for blocking IF rays or UV rays is at- 
tached to one surface of the optical low pass filter of 
FIG. 11 A. In case where the transparent window 71 and 
72 of FIG. 7 is replaced with the optical low pass filter 
structure of FIG. 11 B, a solid-state imaging device into 
which the IR or UV filter and the optical low pass filter 
are integrated can be constructed. 
[0034] In fabrication of the phase shift grating of the 
invention, the thickness of the grating may be changed 
a tittle during the fabrication process. Even in this case, 
however, the thickness variation does not obstruct prac- 
tical application of the present invention if error in the 
phase shift due to the grating is not larger than <J>. Ac- 
cordingly, a very small error of phase shift due to a 
minute variation in the grating's thickness does not de- 
part from the basic spirit and scope of the present in- 
vention. 

Another embodiment of the invention 

[0035] FIGS. 1 2A and 12B show another embodiment 
of the optical phase grating low pass filter of the present 



invention. To arrange the grating to have the phase shift 
0 at a predetermined portion, $ at the right and bottom 
of the 0-phase shift and 2<J> at the diagonal side of the 
0-phase shift, as shown in FIG. 11 A, a grating 122 for 

5 shifting the phase by 4 is periodically arranged in parallel 
on a grating substrate 120 in the direction y, a grating 
125 for shifting the phase by 4 is periodically arranged 
in parallel on a grating substrate 123 in the direction x, 
and the two grating surfaces are attached to each other, 

10 facing each other, to thereby construct the optical phase 
grating low pass filter. The grating and the substrate are 
preferably fabricated with materials having the same re- 
fraction index. The transparent window of the solid-sate 
imaging device of the present invention of FIG. 7 can be 

is replaced by the optical low pass filter of FIG. 12B, to 
construct the solid-state imaging device into which the 
optical low pass is integrated. 

[0036] FIG. 13A shows a structure in which the IR or 
UV filter is attached to one surface of the optical low 

20 pass filter of FIG. 12B. In case where the transparent 
window 71 and 72 of the solid-state imaging device of 
FIG. 7 is replaced with the optical low pass filter struc- 
ture of FIG. 1 3A, a solid-state imaging device into which 
the optical low pass filter with the IR or UV filter are in- 

25 tegrated can be constructed. FIG. 13B shows a struc- 
ture in which the IR or UV filter is attached to each of 
both surfaces of the optical low pass filter of FIG. 12B. 
In case where the transparent window 71 and 72 of the 
solid-state imaging device of FIG. 7 is replaced with the 

30 optical low pass filter structure of FIG. 13B, a solid-state 
imaging device into which the optical low pass filter with 
the IR or UV filter are integrated can be constructed. 
[0037] In fabrication of the phase shift grating of the 
invention, the thickness of the grating may be changed 

35 a little during the fabrication process. Even in this case, 
however, the thickness variation does not obstruct prac- 
tical application of the present invention if the phase shift 
error due to the grating is not larger than 4. Accordingly, 
a very small error of phase shift due to a minute variation 

40 in the grating's thickness does not depart from the basic 
spirit and scope of the present invention. 

Another embodiment of the invention 

45 [0038] FIG. 14A shows gratings arranged in x-direc- 
tion and y-direction, respectively. FIG. 14B shows the 
structure after the two gratings are combined with each 
other. By attaching the surfaces of the two grating sub- 
strates on which the gratings are not formed to each oth- 

50 er, a portion where the 0-grating and 0-grating meet 
each other becomes a 0-phase grating part, a portion 
where the 0-grating and ^-grating, or 0-grating and 
0-grating meet each other becomes a <|)-phase grating 
part, and a portion where the ^-grating and ^-grating 

55 meet each other becomes a 24>-phase grating part. 
[0039] In fabrication of the phase shift grating of the 
invention, the thickness of the grating may be changed 
a little during the fabrication process. Even in this case, 
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however, the thickness variation does not obstruct prac- 
tical application of the present invention if the phase shift 
error due to the grating is not larger than Accordingly, 
a very small error of phase shift due to a minute variation 
in the grating's thickness does not depart from the basic 5 
spirit and scope of the present invention. 
[0040] The transparent window 71 and 72 of the solid- 
sate imaging device of the present invention of FIG. 7 
can be replaced by the optical low pass filter of FIG. 14B, 
to construct the solid-state imaging device into which 10 
the optical low pass filter is integrated. 
[0041] In construction of the imaging system, the op- 
tical low pass filter is usually combined with the IR or UV 
filter. Accordingly, when the two grating substrates are 
attached to each other as shown in FIG. 1 4A, a coating 15 
layer or filter plate for removing IR rays or UV rays is 
inserted between the two grating substrates as shown 
in FIG. 15, to thereby accomplish the optical low pass 
filter into which the IR or UV filter is integrated. The 
transparent window 71 and 72 of the solid-sate imaging 20 
device of the presents invention of FIG. 7 can be re- 
placed by the optical low pass filter of FIG. 1 5, to realize 
the solid-state imaging device having the optical low 
pass filter and the IR or UV filter integrated thereinto. 
[0042] In fabrication of the phase shift grating of the 25 
invention, the thickness of the grating may be changed 
a little during the fabrication process. Even in this case, 
however, the thickness variation does not obstruct prac- 
tical application of the present invention if the phase shift 
error due to the grating is not larger than Accordingly, 30 
a very small error of phase shift due to a minute variation 
in the grating's thickness does not depart from the basic 
spirit and scope of the present invention. 

Another embodiment of the present Invention 

[0043] FIG. 16 shows another configuration of the op- 
tical phase grating low pass filter of the present inven- 
tion, to arrange the grating with the phase shift 0 at a 
predetermined portion, at the right and bottom of the 
0-shift portion, and 2<J> at the diagonal side of the 0-shift 
portion, as shown in FIG. 11 A, a grating 161 for shifting 
the phase by <J> is periodically arranged in parallel on one 
surface of a grating substrate 1 60 in the direction y and 
a grating 162 for shifting the phase by $ is periodically 
arranged in parallel on the other surface of the grating 
substrate 1 60 in the direction x, to thereby construct the 
optical phase grating low pass filter. The grating and the 
substrate are preferably fabricated with materials hav- 
ing the same refraction index. According to this structure 
in which the two gratings 161 and 162 are respectively 
arranged on the both surfaces of the substrate 1 60, per- 
pendicular to each other, a portion where light transmit- 
ted through 0-the phase grating passes through the 
0-phase grating becomes a 0-phase grating part, a por- 
tion where light transmitted through the 0-phase grating 
passes through the <|>-phase grating or light transmitted 
through the (|>-phase grating passes through the 0-phase 



grating becomes a <|)-phase grating part, and a portion 
where light transmitted through the <|>-phase grating 
passes through the (Ji-phase grating becomes a 2(J>- 
phase grating part. 

[0044] The transparent window 71 and 72 of the solid- 
sate imaging device of the present invention of FIG. 7 
can be replaced by the optical low pass filter of FIG. 16, 
to realize the solid-state imaging device into which the 
optical low pass filter is integrated 
[0045] In fabrication of the phase shift grating of the 
invention, the thickness of the grating may be changed 
a little during the fabrication process. Even in this case, 
however, the thickness variation does not obstruct prac- 
tical application of the present invention if the phase shift 
error due to the grating is not larger than (J>. Accordingly, 
a very small error of phase shift due to a minute variation 
in the grating's thickness does not depart from the basic 
spirit and scope of the present invention. 
[0046] . The present invention provides the solid-state 
imaging device into which the optical tow pass filter serv- 
ing as the transparent window thereof is integrated. Ac- 
cording to the present invention, the optical phase grat- 
ing low pass filter replaces the transparent window of 
the solid-state imaging device, to construct the imaging 
system smaller in size than the conventional one em- 
ploying a separate optical low pass filter. Furthermore, 
the imaging system has frequency characteristic more 
excellent than that of the conventional imaging system 
using the double refraction plate. 

Claims 

1 . A solid-state imaging device sensing input images, 
having an optical tow pass filter integrated thereinto, 
the optical low pass filter suppressing a spatial fre- 
quency component higherthan a specific frequency 
and passing a component lower than the specific 
frequency, the optical low pass filter being used as 
the transparent window of the solid-state imaging 
device. 

2. The solid-state imaging device as claimed in claim 
1, wherein the optical low pass filter is an optical 
phase grating low pass filter. 

3. The solid-state imaging device as claimed in claim 
1, 

wherein the optical low pass filter comprises 
a plurality of basic arrangement patterns periodical- 
ly arranged, ' 

wherein each of the basic arrangement pat- 
tern consists of: 

a c|>-phase shift grating for generating the phase 
shift of having a predetermined thickness; 
a 20-phase shift grating for generating the 
phase shift of 2$, having a thickness twice of 
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the <}>-phase shift grating; and 

a portion for generating the phase shift of 0, 

having no grating. 

4. The solid-stage imaging device as claimed in claim 
3, wherein a filter for blocking IR rays or UV rays is 
formed on one surface of the optical low pass filter. 

5. The solid-state imaging device as claimed in claim 
1, 

wherein the optical low pass filter comprises: 

a first grating for generating the phase shift of 
(J>, having a predetermined thickness and peri- 
odically arranged on one transparent grating 
substrate in the horizontal direction; and 
a second grating for generating the phase shift 
of <J>, having a predetermined thickness and pe- 
riodically arranged on the other transparent 
grating substrate in the vertical direction, 
wherein the surfaces of the first and second 
gratings are attached to each other facing each 
other, to thereby construct a structure in which 
a (|>-phase shift grating for generating the <|>- 
phase shift, a 2<t>-phase shift grating for gener- 
ating the 2<t>-phase shift, and a 0-phase shift 
grating are periodically arranged between the 
two transparent grating substrates. 

6. The solid-state imaging device as claimed in claim 
5, wherein a filter for blocking IR or UV rays is 
formed on one of the top face and the bottom face 
of the attached grating substrate structure of the op- 
tical low pass filter. 

7. The solid-state imaging device as claimed in claim 
5, wherein a filter for blocking IR or UV rays is 
formed on each of the top face and the bottom face 
of the attached grating substrate structure of the op- 
tical low pass filter. 

8. The solid-state imaging device as claimed in claim 
1, 

wherein the optical low pass filter comprises: 

a first grating for generating the phase shift of 
having a predetermined thickness and peri- 
odically arranged on one transparent grating 
substrate in the horizontal direction; and 
a second grating for generating the phase shift 
of having a predetermined thickness and pe- 
riodically arranged on the other transparent 
grating substrate in the vertical direction, 
wherein the surfaces of the two grating sub- 
strates on which the gratings are not formed are 
attached to each other facing each other, to 
thereby construct a structure in which a <{>- 
phase shift grating for generating the ([>-phase 



shift, a 2(J>-phase shift grating for generating the 
2<}>-phase shift and a 0-phase shift grating are 
periodically arranged. 

5 9. The solid-state imaging device as claimed in claim 
8, wherein a filter for blocking IR or UV rays is in- 
serted between the two grating substrates. 

10. A solid-state imaging device as claimed in claim 1 , 
10 wherein the optical low pass filter comprises: 



a first grating for generating the phase shift of 
<J), having a predetermined thickness and peri- 
odically arranged on one surface of a transpar- 
15 ent grating substrate in the horizontal direction; 

and 

a second grating for generating the phase shift 
of ((>, having a predetermined thickness and pe- 
riodically arranged on the other surface of the 
20 transparent grating substrate in the vertical di- 

rection, 

wherein the first and second gratings and the 
grating substrate are formed of materials hav- 
ing the same refraction index, to thereby con- 
25 struct a structure in which a (|>-phase shift grat- 

ing for generating the <t>-phase shift, a 2<t>-phase 
shift grating for generating the 20-phase shift, 
and a 0-phase shift grating are periodically ar- 
ranged. 

30 

11. A solid-state imaging device sensing input images, 
having an optical phase grating low pass filter inte- 
grated thereinto, the optical phase grating low pass 
filter suppressing a spatial frequency component 
35 higher than a specific frequency and passing a com- 
ponent lower than the specific frequency, the optical 
phase grating low pass filter being used as the 
transparent window of the solid-state imaging de- 
vice. 

40 
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